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1. Summary 

The available repertoire of B cells that develop 
early or late in life reflects the restricted recombina- 
tion of 5' immunoglobulin heavy chain variable re- 
gion genes. In addition, autoantibody reactivity is 
overrepresented in the preferentially recombined 3' 
Vh gene families, resulting in over representation of 
autoreactive antibody specificities. The preferential 
utilization of 3' Vh gene families is associated with, 
and perhaps caused by, the reduced expression of 
the RAG-1 gene. One can only speculate what effect 
the induction of RAG-1 activity in the bone marrow 
of old mice would have on their antibody repertoire. 



2. Introduction 

The antibody repertoire changes significantly with 
age. We have examined the age-associated shifts in 
antibody repertoire from four points of view: (i) anti- 
body specificity, (ii) antibody heterogeneity, (iii) ac- 
tivity of genes that control immunoglobulin rearran- 
gement (RAG-1 and RAG-2) and (iv) use of immu- 
noglobulin variable region genes. The specificity of 
antibody produced during an immune response 
changes with age. Thus, there is an age-dependent 
decrease in antibody response to most foreign anti- 
gens accompanied by an increased non-specific auto- 
antibody response as well as by the increased concen- 
tration of a regulatory autoantibody - auto-anti-idio- 
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typic antibody [1,2]. The frequency of most serum 
autoantibodies increases with age. In the oldest sub- 
jects the frequency of some autoantibodies may de- 
cline, perhaps as the result of the shortened survival 
of persons with autoantibodies [3]. 

Immune senescence is also characterized by a de- 
creased heterogeneity of the antibody response to 
antigen with respect to isotype and to binding affi- 
nity for antigen [4]. With increasing age, the anti- 
body response becomes progressively more domi- 
nated by IgM and low affinity antibody as immuno- 
globulin class switching and the production of high 
affinity antibodies by somatic mutation decrease. It 
is reasonable to suggest that age-associated thymic 
involution and impaired peripheral T-cell function, 
known to influence both class switching and the pro- 
duction of antibodies with high affinity for antigen, 
may contribute to this aspect of immune senescence. 
The loss of the heterogeneity in the antibody re- 
sponse with age reflects a loss of preimmune clonal 
diversity among the available B-cell repertoire, as 
well as impaired somatic mutation, the mechanism 
that normally leads to high affinity antibody produ- 
cing cells under the influence of antigen. The decline 
of B cells secreting high affinity, IgG antibodies spe- 
cific for many foreign antigens results in 'holes' in the 
antibody repertoire and may contribute to the in- 
creased susceptibility of the elderly to infectious dis- 
ease and their impaired capacity to develop protec- 
tive immunity following immunization [5]. Another 
indication of the decreased heterogeneity of the anti- 
body response with age is the increased frequency of 
benign monoclonal immunoglobulins in humans and 
experimental animals with age [6]. 

There are two major forces that shape the immune 
repertoire: (i) the diversity of the genetically available 
B-cell repertoire and (ii) the selective forces which act 
upon the available repertoire to create the actual B- 



SSDI 0 165-2478(94)00067-2 



cell repertoire. The diversity of the available B-cell 
repertoire depends first of all on the combinatorial 
possibilities offered by the assortment of distinct ge- 
netic elements that contribute to the structure of the 
antibody [7]. In brief, this is accomplished by the 
joining of variable, joining, constant, and in the case 
of immunoglobulin heavy chains of diversity, gene 
segments. The variable segments are flanked by hep- 
tamer, nonamer recombination signal sequences 
which are the targets of the products of two closely 
Unked recombination activation genes, RAG-1 and 
RAG-2 [8,9]. Both of these mRNAs are expressed at 
a high level in the thymus gland and bone marrow, 
the sites where diversification of the pre-immune lym- 
phocyte repertoire occurs. 

RAG gene expression is almost exclusively limited 
to pre-B or pre-T lymphocytes. Inactivation of either 
RAG-1 or RAG-2 genes in mice prevents productive 
immunoglobulin or T cell receptor gene recombina- 
tion, a failure to produce either B or T cells with 
receptors for antigen and such mice have a severe 
combined immunodeficiency [10,11]. Thus, RAG-1 
gene expression can be used as an index for the pro- 
cess of diversification of the B cell repertoire. In ad- 
dition to the diversification of the pre-immune B cell 
repertoire, the expressed antibody repertoire is 
further shaped by junctional diversity and somatic 
mutation following exposure to antigen [reviewed in 
12]. 



3. Vh gene utilization in old mice 

Our studies compared Vh immunoglobulin gene 
use in 2-3 and 16-18 month old female C57BL/6 
mice. The older mice showed a pattern suggesting 
preferential use of the 3' proximal immunoglobulin 
Vh gene families 7183 and Q52 compared to the 5' 
Vh gene family, J558. It is of note that these D prox- 
imal Vh immunoglobulin gene families, 7183 and 
Q52, were reported to encode autoantibodies more 
frequently than other Vh immunoglobulin genes 
[13]. This may explain the fact that old mice generate 
more autoreactive antibodies during an immune re- 
sponse than young mice. These same Vh gene famil- 
ies are preferentially utilized by neonatal mice and 
generate highly connected, cross-reacting antibodies 
many of which are natural auto-anti-idiotypic antibo- 
dies [14]. Thus, early and late in life, D proximal Vh 
gene families are preferentially recombined giving rise 
to a disproportionately large frequency of autoanti- 
bodies including auto-anti-idiotypic antibodies. Pre- 
ferential utilization of 3' immunoglobulin Vh gene 



families has also been reported in nude mice [15] and 
in mice maintained in an antigen-deprived environ- 
ment [16]. 



4. Effect of age on RAG-1 activity in bone marrow 

The association between age, thymic function or 
antigen exposure and preferred recombination of 3' 
Vh immunoglobulin gene utilization raises the possi- 
bility that these states lack a biological activity neces- 
sary for random Vh immunoglobulin gene recombi- 
nation. Alteration in the structure of the DNA cod- 
ing for immunoglobulin and/or in the recombination 
complex might result in D proximal Vh immunoglo- 
bulin gene preference. The RT-PCR reaction was 
used to measure the level of bone marrow RAG- 1 
mRNA as a surrogate for a direct assay of the recom- 
binatorial activity in bone marrow pre-B cells in old, 
nude and antigen deprived mice. 

A necessary first step in such an analysis is the 
demonstration that all RAG-1 activity in bone mar- 
row cell preparations is derived from B-cell precur- 
sors [15]. Once this was demonstrated, the effect of 
age on bone marrow RAG-1 activity was quanti- 
tated. In normal mice, the activity of RAG-1 in the 
bone marrow increases from birth to attain maximal 
activity at 2 months of age. Maximal activity is main- 
tained between 2 and 5 months of age. Thereafter, 
RAG-1 activity decreases so that by 10 months of 
age bone marrow RAG-1 activity is only 10% of its 
maximal level. As nude and antigen-deprived mice 
also show preferential D proximal Vh inmiunoglobu- 
lin gene utilization, bone marrow RAG-1 activity was 
determined. Little or no RAG-1 activity was detect- 
able in nude or antigen-deprived mice. Thus, in these 
three murine models, the preferential 3' Vh immuno- 
globulin utilization is associated with a greatly re- 
duced expression of the RAG-1 gene in bone mar- 
row pre-B cells. Thus, the capacity of animals to re- 
combine diverse Vh immunoglobulin gene segments 
appears to be associated with bone marrow RAG-1 
activity. 

It has been previously shown that preferential D 
proximal Vh immunoglobulin gene utilization in 
nude mice is eliminated following the injection of T 
cells [17]. For this reason, bone marrow RAG-l ac- 
tivity was measured in nude mice after the injection 
of T cells. Injection of T cells not only increased bone 
marrow RAG-1 to normal levels but these animals 
gained the capacity to recombine the full diversity of 
Vh immunoglobulin gene families. 
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5. Age-associated shifts in antibody repertoire reflects 
limited diversity of .Vh immunoglobulin gene 
recombination 

The heterogeneity of the antibody response is built 
upon the potential diversity of recombination among 
the genetic elements that code for the heavy and light 
chain. For this reason, the selection of the potential 
repertoire from D proximal Vh gene families in old 
animals leads to the overexpression of autoantibody 
specificities encoded by these Vh gene families. Life- 
long exposure to self antigens combined with the loss 
of T-cell regulation of autoreactive B-cell expression 
leads to a breakdown of B-cell tolerance and to the 
expansion of auto-reactive B-cell clones. Further- 
more, with age there is an increased activity of one 
subset of autoreactive antibodies, auto-anti-idiotypic 
antibodies [2]. We have shown that these antibodies 
have the capacity to inhibit secretion of antibodies to 
nominal antigens, thus further skewing the balance 
between antigen-specific antibodies and antigen-non- 
specific antibodies which develop during the immune 
response. 
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